Magnesium (Mg), and its alloys, is being investigated for its potential biomedical applications for its use as a biodegradable metal. However surface modification strategies are needed to modify the surface of the Mg alloy for its applicability in these applications. Self-assembled monolayers (SAMs) have been investigated as a coating strategy on magnesium for biomedical applications. In this report we evaluate the oxidative interfacial stability of phosphonic nanocoatings on magnesium using spectroscopic techniques. Self-assembled mono-/multilayers (SAMs) of octadecylphosphonic acid (ODPA) were formed on the native oxide layer of magnesium alloy using solution deposition technique. The SAMs modified Mg alloy and its oxidative stability were characterized using Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and atomic force microscopy (AFM). FTIR studies indicated mono-/bidentate bonding of the phosphonic SAMs to the Mg alloy surface. XPS confirmed SAM formation showing presence of "P" peaks while consequently showing decrease in peak intensity of Mg peaks. XPS analysis of the phosphonate peaks showed consistent presence of this peak over a period of 21 days. AFM images showed consistent coverage of the Mg alloy over a period of 21 days. The results collectively confirm that the monolayers are stable under the chosen oxidative study.
Introduction
Magnesium (Mg) based alloys are one of the materials under investigation for their potential applicability as a metallic implant material for applications such as cardiovascular stent, orthopedic scaffold, and fixation devices [1] [2] [3] . Mg is a lightweight metal with metallic properties similar to bone and has a natural ionic presence with significant functional roles in the biological system [4, 5] . They could potentially serve as a biocompatible, osteoconductive, degradable metallic scaffold implant for load-bearing orthopedic applications [4] [5] [6] . For cardiovascular stent applications, magnesium offers the possibility of better physiological repair and better reconstruction of vascular compliance with minimum inflammatory response [7] . Studies have shown that magnesium ions are able to inhibit platelet activation both by inhibiting certain factors which stimulate the platelets such as Thromboxane A2 and by inhibiting the production of platelet inhibiting factors such as prostacyclin [8, 9] . The in vivo corrosion of magnesium based implant involves the formation of soluble, nontoxic by-products that is harmlessly excreted in the urine [10] . However surface coating strategies are needed to ensure the viability of Mg to be used as a biodegradable metal such as providing a platform for drug and therapeutic delivery for treatment of restenosis and postoperative orthopedic infections, respectively [7, 11] .
Self-assembled monolayers (SAMs) are organic assemblies formed by the adsorption of molecular constituents from solution or the gas phase onto the surface of solids [12] . SAMs as a form of nanotechnology are gaining a lot of attention for their potential medical applications due to the ease of modification of surface properties through the selection of the appropriate terminal functional group in the monolayer [13] . In addition, SAMs form structurally welldefined films on solid surface, they form spontaneously and under generally mild conditions, and they can be deposited by a number of easy techniques such as immersing the substrate in solution [14] . The most studied of the SAM systems have been alkanethiol SAMs on gold and other coinage metals [15] . The other well-studied SAM system is SAMs on metal oxide substrates [12, 16, 17] . Phosphonic acids have been gaining a lot of interest as an organic moiety for formation of SAMs due to their ability to bind to a wide range of metal oxide surfaces and form robust SAMs having quality similar to the model system of alkanethiols on Au [14, 18, 19] . Alkyl phosphonic acids are an important class of self-assembling molecules that have been studied on various engineering metal alloys [14, 17, 20, 21] . It has been previously reported that long chain alkylphosphonates form wellordered and dense monolayers [17, 22] . Octadecylphosphonic acid (ODPA) is a long chain phosphonate and has been widely studied for its bonding with a range of metal oxide systems [14, 20, 23, 24] . Although reports exist on phosphonic SAM formation on biometallic alloys as mentioned above, we could only find few reports investigating the stability of phosphonic SAM systems on biomaterials. Kanta et al. carried out studies to investigate the stability of phosphonic acids formed on titania when immersed in various solvents [25] . They concluded that the phosphonic SAMs on titania were stable after immersion for 18 hr in different organic solvents. Mani et al. reported the stability of phosphonic acid on titanium and compared it with the stability of alkanethiol on Au [26] . They concluded that phosphonic SAMs of hydroxyl terminated (11-hydroxyundecyl) phosphonic acid were stable on the surface of titanium for up to a period of 14 days of ambient air exposure without any significant desorption. We could not find any reports of oxidative stability of phosphonic SAMs on Mg alloy. In this paper we present results analyzing the oxidative interfacial stability of phosphonic self-assembled monolayers on Mg alloy. Oxidative stability would be a prerequisite prior to physiological and biological stability. Methyl terminated ODPA SAMs having uniform surface coverage on Mg alloy were formed using solution deposition technique. Ambient laboratory conditions were used as oxidative conditions for determining the stability of the SAMs. The resulting monolayers were characterized using XPS, FTIR, and AFM. The oxidative stability of the SAMs was evaluated over a period of 21 days.
Experimental Section
Octadecylphosphonic acid (C 18 H 39 PO 3 , ODPA, 98% purity) was purchased from Alfa Aesar and used as received without further purification. Ethanol (200 proof), acetone (99.5% purity), and dimethyl sulfoxide (DMSO, 98.5 purity) were also used as received without further purification from Sigma-Aldrich. Magnesium alloys (Mg 96%/Al 3%/Zn 1%; 0.25 mm and 1.0 mm thickness) were purchased from Goodfellow Inc., Oakdale, PA. Magnesium alloy sheets were cut into squares (10 mm × 10 mm × 0.25 mm) and were used as substrate for SAM formation. The substrates were cleaned by ultrasonication in acetone and ethanol for 10 minutes each. The substrates were then rinsed with d-H 2 O and dimethyl sulfoxide (DMSO) and dried with air and subsequently used for SAM formation. Cleaned (described above) Mg substrates were immersed in 30 mL of 2 mmol 18-octadecylphosphonic acid (C 18 H 39 PO 3 ) solution in DMSO. The octadecylphosphonic acid solution was maintained at 35 ∘ C for 48 hours. After the 48-hour reaction time was complete, samples were rinsed using DMSO and ultrasonicated for three minutes in deionized H 2 O to remove any excess surfactant. The samples were air-dried immediately and characterized. ODPA-coated SAMs ( Figure 1 ) were exposed to light under ambient laboratory conditions after SAM formation for 1, 3, 7, 14, and 21 days. After oxidative exposure, samples were ultrasonicated for 3 minutes, rinsed in deionized water, air-dried, and transferred to polyethylene wafer containers, which were kept in a desiccator purged with argon until further characterization.
Characterization of the Monolayers

Fourier Transform Infrared Spectroscopy (FTIR)
. SAM modified Mg samples were characterized with Fourier transform infrared spectroscopy (FTIR). The FTIR spectra from the substrates were acquired using attenuated total reflectance (ATR) FTIR (Bruker IFS66 FTIR/Raman FRA 106/S Unit). The spectra were recorded under dry air purged system conditions to eliminate the background signal due to CO 2 and H 2 O absorption bands. The unmodified Mg substrates were used as background spectra for analysis purposes. All spectra were obtained with 2 cm −1 resolution after 1024 scans. 
X-Ray Photoelectron Spectroscopy (XPS)
. XPS was used to evaluate the surface composition and chemistry of the SAMs formed on Mg alloy. XPS data was taken on a Kratos Axis Ultra DLD spectrometer equipped with a monochromatic Al K X-ray source (15 kV, 225 W, and base pressure 5-10 −10 torr). Survey spectra were obtained at a pass energy of 80 eV, while high resolution scans were obtained at a pass energy of 20 eV from a 0.37 × 1.0 mm 2 area of the sample. The binding energies were corrected by referencing the C 1s binding energy to 285 eV.
Atomic Force Microscope (AFM)
. AFM was used to evaluate the surface topography before and after the formation of the SAM layers. AFM imaging of the samples was performed in tapping mode at ambient conditions using silicon tips. Scan rates of 0.5 Hz were used for tapping mode. The surface roughness analysis on the two-dimensional topography was based on a calculation of the standard deviation of all height values within the given imaged area (root-mean-square roughness (rms)).
Results and Discussion
Films of phosphonic acids were formed on Mg alloy samples by solution immersion technique. XPS was used to verify SAM formation on Mg alloy and to determine the surface compositions of Mg alloy before and after ODPA deposition. Typical XPS survey spectra of Mg alloy (control) and on modified surfaces are shown in Figure 2 . The blank Mg alloy sample showed presence of Mg 1s, Mg 2s, O 1s, C 1s, and other constituent alloy elements peaks (Figure 2 ). The surface elemental compositions of plain Mg sample and ODPA modified Mg sample are summarized in Table 1 . The plain Mg alloy had a surface oxygen concentration of 60.7% wt, Mg concentration of 11.14% wt, and carbon concentration of 27.5% wt. The deviation of our surface oxide composition (Table 1 ) from the bulk metal composition (Table 1 ) is in agreement with published reports on XPS analysis of metallic surface oxide compositions [30, 31] . The excessive carbon can be explained as a result of formation of a carbonaceous contamination overlayer. Carbon contaminant is unavoidable aspect of the deposition procedure and it is detected in the surface sensitive XPS signal, as any sample exposed to atmosphere tends to pick up hydrophobic and hydrophilic hydrocarbon contaminants. This excess carbon atmospheric contamination has been similarly reported in previous literatures [14, 32, 33] . After ODPA adsorption, a significant increase in carbon concentration is observed (Table 1) , concurrent with the appearance of P 2s and P 2p signals at 192.2 eV and 130.5 eV (see Figure 2 and Table 1 ). These values are in good agreement with earlier reported values for ODPA SAMs on steel [20] and Co-Cr alloy [14] . The measured intensities for Mg and other metals decrease after ODPA adsorption (Figure 2 ) with the appearance of the "P" peak (Figures 2 and 3) . XPS results thus indicate presence of "P" on the metal confirming the formation of phosphonic SAMs on Mg alloy. The ratio of the surface carbon "C" concentration to the phosphorus "P" concentration was found to be 30 (±1.32) and is nearly twice the expected value of 18 for the C to P ratio of the ODPA ( and after deposition. From the O 1s deconvolution analysis of untreated Mg substrate the O 1s peak at 528.4 eV and 530.5 eV has been attributed to surface oxides and surface hydroxides, respectively [34] . Deconvolution of O 1s spectrum of OPDAcoated Mg substrate showed presence of P-O (O 1s = 531 eV), which appears after the deposition of ODPA. ATR-FTIR was used to further characterize SAM formation and order. Table 2 shows the assignments of our experimental FTIR vibrational spectra bands of 18-octadecylphosphonic acid (ODPA) layers on Mg alloy. For our samples the peak frequencies of ]CH 2 sym and ]CH 2 asym for the ODPA layers prepared on Mg alloy were found to be at 2850 cm −1 and 2921.7 cm −1 , respectively (Table 2 ). These two frequency positions are for the symmetric and asymmetric methylene stretching and indicate that the methylene chains in ODPA layers on Mg alloy are ordered and predominantly have "all-trans" interactions. The peak at 2960 cm −1 is assigned to the out-of-plane asymmetric methyl stretching mode ]CH 3op [17, 27] . These results are in agreement with those obtained for ODPA on nitinol, GaN, and 316L SS [17, 28, 35] . Also since our spectra were obtained after sonicating the substrate with DMSO and dH 2 O to remove weakly bound material, we can conclude that the SAM film is strongly bound to the surface of the substrate. Table 2 also shows the shifts of the ATR-FTIR spectra of ODPA SAMs in the P-O region. The nature of the interaction between the SAM molecules and surface can be determined from the shifts and broadening of ] P=O , ] P-O , and ] P-OH peaks. The P-O region of the ODPA SAM sample (Table 2) , and ] P-OH at 873.6 cm −1 . These observed frequencies for P=O, P-O, and P-OH are in good agreement with the FTIR stretching of these bonds in other phosphonate systems such as phosphonate SAMs on nitinol [35] . The phosphonic SAMs can bind to the Mg alloy in three different ways: monodentate, bidentate, and tridentate bonding configurations (Figure 1 ). Since we see the presence of all possible PO stretching scenarios (P=O, P-O, and P-OH) we can eliminate the "tridentate" bonding possibility. Thus the bonding of the SAMs to Mg alloy is proposed to be entirely monodentate or a combination of mono-and bidentate bonding. These bonding scenarios are in agreement with possible bonding of phosphonic SAMs on other metal oxide systems [14, 17, 20, 21] .
To evaluate the oxidative stability of phosphonic SAMs on Mg alloy, detailed high energy elemental XPS scans of the "P" region were taken and the % element composition of "P" was calculated based on the P 2p peaks which represent the metal phosphonate peak. Figure 5 shows the detailed high energy XPS scan for the P 2p region over the period of the oxidative stability studies. The 0-day SAMs sample represents the freshly formed ODPA SAMs on Mg alloy surface. The spectra for control Mg (Figure 3) showed no P 2p peaks present. The variation of the % "P" atomic concentration gives an indication of the variation of SAM presence on the surface which is correlated to the oxidative stability of the SAMs. Figure 5 shows the strong presence of the P 2p peak over the duration of oxidative stability study. The P 2p peak which is centered around 130.5 eV is very consistent for 1, 3, 7, 14, and 21 days of oxidative exposure. Figure 6 shows the % "P" atomic concentration as determined by XPS over period of 21 days after oxidative exposure. The % P atomic concentration was found to be consistent over the duration of study. This indicated that the SAMs were strongly bound to the metal alloy even after 21 days. This result is in agreement with other phosphonic SAM stability studies on stronger metal oxide systems such as Co-Cr alloy [36] .
Atomic force microscopy was used to characterize the topography of the Mg surface before and after SAM formation and during the course of oxidative stability studies. The AFM images were carried out using tapping mode in air. The root-mean-square (rms) roughness parameter is a measure of the deviations in the surface from the mean plane within the sampling area. The rms roughness parameter gives us an insight into variations in surface height and its uniformity. The rms roughness of the control and modified substrates were compared. SAMs modified surfaces with similar rms roughness to the control surface are considered to be coated with monolayer films that follow the contour of the surface, while modified surfaces that have large deviance of rms roughness from the control are considered to be coated with multilayers [14, 19, 33, 37] . The samples were scanned over 5 m 2 region for Mg alloy (control) and for ODPA sample. The plain Mg alloy control sample had an rms roughness of 11.6 nm ± 0.25 and revealed a nonuniform contour with welldefined islands (see Figure 7) . Deposition of the ODPA SAMs ( Figure 6 ) above the Mg alloy resulted in a decrease of the rms roughness value from 11.6 ± 0.25 nm to 2.3 ± 0.27 nm (Table 3 ). This lowering of the rms roughness value suggests the possibility of formation of mono-/multilayers of ODPA on Mg alloy. Figure 6 shows areas of formation of ODPA islands and aggregates on the surface of the substrates. Island formation as observed on ODPA SAM deposited Mg surfaces is in agreement with previous work investigating SAM formation on bulk sample surfaces versus sputter coated sample surfaces which showed that the bulk sample surfaces showed larger island formation due to inherent roughness of the base surface [14, 33] . oxidative exposure of 21 days. After 21 days we still observe a continuation of the regular pattern of islands of SAMs which are uniformly covered over the surface. The rms roughness values were obtained for control, freshly prepared SAMs, and SAM samples exposed for a period of 21 days (Table 3 ). The rms values of samples over the period of oxidative stability study remained approximately the same (Table 3) . Previously reported literature suggests that there is a large variation of rms roughness values for SAM coating by solution deposition on account of exposure to various environmental conditions including ambient air [38] . It is also believed that the sample preparation and characterization processes also play a role in the large variation of the rms roughness values. Other factors possibly contributing to this variation include substrate morphology, substrate chemical composition, surface oxide chemistry, surface pretreatment procedures, and the nature of SAM being deposited on the substrate [33] . The rms value of the plain Mg sample (11.6 ± 0.25 nm) indicates that the Mg alloy itself is very rough. This relative roughness of the Mg based alloy affects the final monolayer formation kinetics and plays a major role in determining the structure and uniformity of the SAM formation. Thus based on the topographical images and the roughness analyses of our samples, we conclude that the ODPA SAMs do not show significant deviation within the samples tested.
Conclusions
In summary, SAMs of octadecylphosphonic acid were successfully formed on the oxide surface of Mg alloy using solution immersion method. FTIR, XPS, and AFM measurements collectively confirm SAM formation on Mg alloy. FTIR studies indicated mono-/bidentate bonding of the phosphonic SAMs to the Mg alloy surface. XPS confirmed SAM formation showing presence of P peaks while consequently showing decrease in peak intensity of Mg peaks. XPS analysis of the phosphonate peaks showed consistent presence of this peak over a period of 21 days. AFM topographical images showed consistent coverage of the Mg alloy over a period of 21 days. Thus the results collectively confirm that the monolayers are stable under the chosen oxidative study.
